An electric field tunable magnetic hysteresis loop was studied in a multiferroic heterostructure consisting of a 25 µm thick Metglas ® ribbon affixed to a lead magnesium niobate-lead titanate (PMN-PT) crystal. This multiferroic heterostructure exhibits a considerably strong converse magnetoelectric effect, CME = −80%, where CME
Introduction
Multiferroic (MF) materials, simultaneously displaying ferroelectric and ferromagnetic (or antiferromagnetic) behaviour, can typically be realized by two materials design paths, which are 'natural' or single phase MF compounds or 'artificial' MF composites or heterostructures. However, most single phase MF materials exhibit a magnetoelectric coupling response at low temperatures [1] that severely hinder their practical utility. In contrast, artificially structured materials, typically constructed as multilayered heterostructures or as granular composites, often exhibit large magnetoelectric coupling at or above room temperature [2] [3] [4] [5] . These artificial MF composites are particularly attractive as a pathway to realizing multifunctional devices [6] [7] [8] [9] . Furthermore, the artificial MF heterostructures are relatively simple and cost-effective to design and fabricate. As a result there has been a considerable amount of interest in understanding both the fundamental physics as well as the engineering potential of such materials [10] [11] [12] [13] .
During the past decade, a number of important applications based on the magnetoelectric effect (ME) have been proposed and/or demonstrated, mostly derived from MF heterostructures. Among these applications are ac and dc magnetic field sensors, transformers and gyrators, actively tunable microwave devices, the latter include filters, phase shifters and delay lines, as well as hybrid spintronic MF devices as potential MRAM elements [14] [15] [16] [17] . It is noteworthy that conventional MF heterostructures, in their most common constructs, consist of ferromagnetic magnetostrictive elements mechanically coupled to piezoelectric elements. Magnetostrictive materials play an important role in providing a medium to couple magnetic fields to strain, whereas the piezoelectric element serves to convert strain to voltage. Such elements function in a bidirectional fashion in which magnetic fields are generated in response to the applied electric fields, as well as electric fields generated in response to the magnetic fields. Due to the availability of high quality, inexpensive, single crystal piezoelectric materials, such as lead magnesium niobate-lead titanate (PMN-PT), lead zinc niobate-lead titanate (PZN-PT) and lead zirconate titanate (PZT) ceramics, supporting substrates of MF heterostructures are commonly piezoelectric elements. The magnetostrictive element is typically bonded, or in some cases deposited directly on the surface, to piezoelectric substrate [18] .
The effect and potential tunability of magnetic hysteresis loops under the application of an electric field for MF heterostructures are important for eventually realizing multifunctional electronic devices. Previous studies have mostly focused on physical parameters, such as ferromagnetic resonance frequency, tuned by an electric field. It is now clear that the transition from research to practical applications will require a sound understanding of the basic behaviour of such systems and in particular magnetization processes, domain dynamics and polarization switching of the ME to applied electric or magnetic fields. This work aims to build the fundamental knowledge base necessary to accelerate the development of MF structures towards practical engineering applications.
Here, we present results of the studies of magnetic hysteresis loops controlled by an electric field for a MF heterostructure consisting of a Metglas ® ribbon affixed to a PMN-PT single crystal. In contrast to conventional MF constructs, this work addresses the response of converse magnetoelectric coupling in the laminated composite structure. The dynamic response of the converse magnetoelectric effect (CME) for this MF heterostructure is detailed in the literature [19] .
Experimental details
In this paper, we present the electrical control of magnetic properties of a layered MF structure consisting of a ferromagnetic magnetostrictive Metglas ® ribbon affixed to a piezoelectric PMN-PT single crystal substrate. The magnetic properties were measured using a vibrating sample magnetometer (VSM, Lakeshore Model 7400) with the magnetic field direction aligned parallel to the 1 0 0 direction (d 31 ). The applied voltage ranged from −400 to 400 V across the PMN-PT crystal, corresponding to an electric field (E) of −8 to +8 kV cm −1 . The electric field dependence of polarization was measured by a ferroelectric measurement system (Radiant Technologies, Inc.). The magnetic domain structure was observed by a magnetic force microscope (Ambios Technology USPM, Model 2SAAVO) with a distance of ∼100 nm between the tip and the sample surface. The as-produced Metglas ® ribbon was polished to a root mean square (RMS) roughness of <10 nm.
Results and discussions

Magnetic and ferroelectric properties of the Metglas ® /PMN-PT heterostructure
Figures 2(a) and (b) depict magnetic force microscopy (MFM) images illustrating the magnetic domain structure of the Metglas ® ribbon surface for a free-standing and bonded configuration (i.e. bonded to a PMN-PT substrate), respectively. Both reveal domain patterns commonly observed in metallic glass ribbons [20] . In such amorphous materials, the domain structure is typically determined by the stress state of the magnetic ribbon. As such, there are two kinds of domain patterns, the wide striped domains with 180
• walls that follow the in-plane magnetization of figure 2(a) and the narrow spiked domains of figure 2(b), indicating that the easy axis of magnetization aligns out of the ribbon surface [17] .
No uniform component of the stress tensor can be presented in the absence of external forces, therefore the domain configurations of figure 2 must be necessarily inhomogeneous if the internal stresses are in fact the dominant source of magnetic anisotropy. From elastic boundary conditions, the stress tensor at the surface must be planar and characterized by two principal axes and a characteristic angle. For positive magnetostriction materials, such as Metglas ® ribbons, a perpendicular easy axis is generated if the two principal stresses are negative (i.e. compressive stress). This leads to the domain pattern shown in figure 2(a) even when the ribbon is free standing. The pattern in figure 2(b) exhibits an obvious change in the ratio of black and white domains compared with the image for the free-standing ribbon. The change in magnetic domains reflects the change in an induced anisotropy field arising from the stress at the bonding interface between the Metglas ® ribbon and the PMN-PT substrate. Furthermore, the compressive forces in the bonded ribbon result in the broadening of domains in one direction (white stripes, see figure 2(b)) and hence this becomes the initial state of magnetization for the ME measurements performed in this study. Figure 3 presents the basic static magnetic properties of the MF heterostructure measured by VSM. The magnetic ribbon has a saturation magnetization, 4πM s , of 18 kG , and a coercivity, H c , of 1.13 Oe (in the absence of an electric bias field). These data indicate superior soft magnetic properties while retaining a high magnetostriction coefficient of 35 ppm. Metglas ® ribbons are therefore excellent candidate materials for the magnetostrictive components of MF heterostructures. The application of an electric field to the PMN-PT substrate gives rise to significant changes in the shape of the magnetic hysteresis loop which is presented as the dashed line in figure 3 .
The magnetic ribbon appears 'harder' when the substrate is biased by an electric field. Figure 4 presents the ferroelectric hysteresis loops at different frequencies, f = 0.5, 1, 2, 3.3, 5, 10, 20 and 33 Hz, for an untreated 0 1 1 -type PMN-PT substrate. With increasing frequency, the electric polarization (P ) at an applied electric field of 8 kV cm −1 decreases from 40 to 17 µC cm −2 , whereas the electric coercive field (E c ) increases from 4.4 to 5.2 kV cm −1 , corresponding to 220-260 V. A 'knee' appears in the loop near ∼4 kV cm −1 which we attribute to the abrupt strain experienced by the PMN-PT crystal under the application of an instantaneous electric field [21] .
Static CME
As depicted in figure 3 , the magnetic hysteresis loop can be substantially altered by an applied electric field of E = 8 kV cm −1 across the PMN-PT substrate. According to the results illustrated in figure 3 , we conclude that the induced magnetic easy axis is transverse to the external magnetic field, which is sketched in figure 1 . It is worth noting that the external magnetic field (sometimes called the magnetic bias field) strongly influences the strength of the ME, defined here 
as CME = [M(E) − M(0)]/M(0), where M(E) and M(0)
represent magnetizations with and without the application of an electric field (E), respectively. Figures 5(a) and (b) display the dependence of the CME and the induced internal magnetic field (δH E ) on a magnetic field, respectively. Here, δH E is obtained from the change in the applied magnetic field when an electric field is applied. Clearly, a peak in the CME appears at H ≈ 20 Oe with a maximum value of 80%. This result is promising due to the relatively small magnetic bias field of 20 Oe, which is easily obtained in practical electronic systems. The bias field dependence of the CME was first measured by Srinivasan et al for a NiZn ferrite-PZT composite [22] . At the same time, the heterostructure of the present work exhibits an induced magnetic field, δH E = 180 Oe, corresponding to a bias field of 60 Oe (see figure 5(b) ). Figures 5(a) and (b) can be considered the starting point for the design of magnetoelectric devices. To optimize operating conditions for some magnetoelectric devices, for example magnetic field transducers, they must be based on the conditions illustrated in figure 5(b) . In contrast, those applications involving electrical control of magnetization start from the curve depicted in figure 5 (a). Figure 5 (b) shows the correlation between the external magnetic field and the stress-induced magnetic field. A significant increase in the induced field is evident with external magnetic fields above 30 Oe. It is advantageous that an 8 kV cm −1 electric field induces a magnetic field of more than 180 Oe under magnetic bias fields of 20-60 Oe. These values are among the lowest bias fields reported for MF heterostructures to date [23] . Importantly, such a significant induced field yields a considerably larger converse magnetoelectric coupling constant (A) of 23 Oe/(kV cm −1 ). The converse magnetoelectric coupling can likely be further enhanced by employing an epoxy having a Young's modulus closer to that of the magnetic material instead of the quick curing ethyl cyanoacrylate (Y = 0.5 × 10 12 dyn cm −2 ) employed here. As shown in figure 5 (a), a 20 Oe bias field maximizes the CME for the heterostructure. Most of the following experiments are conducted at this bias field. The electric field dependence of CME is demonstrated in figure 6 , where the electric field amplitude is swept from +8 to −8 kV cm −1 . Electric hysteresis of the ME is evident, corresponding closely to the ferroelectric hysteresis loop of figure 4. This loop has historically been referred to as the 'butterfly' loop. Note, the switching of CME occurs near E = 4-5 kV cm −1 and corresponds to the electric coercive fields measured for the PMN-PT crystal (see figure 4 ). The CME magnitude shows a slight decrease when the electric field is reduced from 8 kV cm −1 to 4 kV cm −1 and then experiences a precipitous drop to near zero for E < 4 kV cm −1 . However, when the electric field reverses direction, the CME initially remains constant and then slightly increases until E > 5 kV cm −1 . The butterfly loop is largely symmetric, which is determined by the strain versus E curve for the piezoelectric material, as shown in [20] . This phenomenon has been observed in similar MF composites [24] .
Static magnetic measurements provide basic magnetic properties, such as saturation magnetization (M s ), remanence magnetization (M r ), coercivity (H c ) and hysteresis loop squareness (SQ = M r /M s ), etc. Figure 7 illustrates the changes in these magnetic parameters in response to an electric field applied across the PMN-PT substrate. All the curves shown in figures 7(a)-(d) feature similar butterfly loops. Additionally, the electric tunability of magnetic parameters is unambiguous. For example, the remanence (M r ) and the squareness (SQ) decrease by 54% and 56%, respectively, whereas the coercivity (H c ) increases by 170% in response to the applied electric field. These changes correspond to a tunability of ∼10%/(kV cm −1 ) for M r and SQ and ∼34%/(kV cm −1 ) for H c . An important feature of the CME is that it can irreversibly be transformed from a high magnetoelectric state to a low magnetoelectric state when polarized by an electric field larger than the critical value near the coercive field, E c = 4-5 kV cm −1 . This feature points to the common nature of relaxor and normal piezoelectric materials. Both kinds of materials generally exhibit a nonlinear correlation between strain and electric field, which mirrors a ferroelectric hysteresis loop. Figure 7 (c) presents the electric field dependence of magnetic coercivity (H c ) for the heterostructure. The data show a hysteresis loop, reflecting the ferroelectric polarization process described in the P -E loop depicted in figure 4 . The magnetic coercive field, H c , increases from 1.13 to 2.48 Oe under the application of an electric field of 8 kV cm −1 . This implies a coercive tunability of 0.19 Oe/(kV cm −1 ) or 17%/(kV cm −1 ). The correlation between coercivity and electric field has not been satisfactorily addressed in previous studies [25] ; however, it essentially reflects the dependence of coercivity upon applied stress, which has been extensively studied in magnetic materials for many years [26] . The stress dependence of the coercivity is determined by the following factors: (1) the direction of the stress-induced field (δH E ) relative to an external field (H ), (2) the coercivity mechanism, i.e. irreversible rotation or domain wall displacement, and (3) the stress-induced change in the orientation, magnitude and distribution of magnetic anisotropy fields. In the present case, δH E is assumed to be transverse to H , and the coercivity is predominately attributed to irreversible domain wall motion, as surmised from the magnetic field configurations of figure 1 and magnetic domain patterns of figure 2. These results clearly indicate an increase in coercivity in response to increasing electric field, where a compressive stress results in a large enhancement of coercivity that was neither predicted nor adequately addressed in earlier studies [27] .
It is well known that a stress-induced anisotropy field is crucial in determining the coercivity of the magnetic material. We therefore attempt to calculate the stress-induced field in the Metglas ® ribbon by considering the strain created by the application of the electric bias field on the PMN-PT crystal. This induced field can be expressed as [28] 
where ϕ is the angle between the magnetization and the applied stress (here ϕ = 0 • ), and υ denotes the Poisson ratio of the magnetic material. In this structure, we conjecture that the deformation of the Metglas ® ribbon mirrors that experienced by the PMN-PT substrate. Note that equation (1) [29], d 31 = −1500 pC N −1 and E = 8 kV cm −1 . Applying these relations, the stress-induced field is δH E ≈ −160 Oe, where the negative sign represents the induced field transverse to the externally applied magnetic field (the magnetization direction, see figure 1 ). The calculation matches closely the experimental maximum value of δH E = 180 Oe. The results presented here are important for applications of magnetoelectric devices that may take advantage of different tunable parameters, e.g. magnetization, coercivity, remanence, squareness, permeability, etc, tuned by an electric field.
Conclusions
In this paper, the static CMEs in a MF heterostructure (Metglas ® /PMN-PT) were investigated experimentally. The MF heterostructure demonstrates a strong converse magnetoelectric coupling, yielding a coupling constant A = 22.5 Oe cm kV −1 , corresponding to a CME of −80% at E = 8 kV cm −1 . Importantly, we report on studies of magnetic hysteresis loops tuned by an electric field applied on a ferroelectric PMN-PT substrate. With soft magnetic properties and moderate magnetostrictive coefficients, the Metglas ® reveals large electric field tuning of magnetic parameters, which include magnetization, coercivity, remanence, squareness, permeability, etc. The remarkable tunability provides potential applications in practical electronic and microwave devices based on MF structures and the ME.
